Spontaneous deamination of DNA is mutagenic, if it is not repaired by the base excision repair (BER) pathway. Crystallographic data suggest that each BER enzyme has a compact DNA binding site. However, these structures lack information about poorly ordered termini, and the energetic contributions of specific protein-DNA contacts cannot be inferred. Furthermore, these structures do not reveal how DNA repair intermediates are passed between enzyme active sites. We used a functional footprinting approach to define the binding sites of the first two enzymes of the human BER pathway for the repair of deaminated purines, alkyladenine DNA glycosylase (AAG) and AP endonuclease (APE1). Although the functional footprint for full-length AAG is explained by crystal structures of truncated AAG, the footprint for full-length APE1 indicates a much larger binding site than is observed in crystal structures. AAG turnover is stimulated in the presence of APE1, indicating rapid exchange of AAG and APE1 at the abasic site produced by the AAG reaction. The coordinated reaction does not require an extended footprint, suggesting that each enzyme engages the site independently. Functional footprinting provides unique information relative to traditional footprinting approaches and is generally applicable to any DNA modifying enzyme or system of enzymes.
INTRODUCTION
Tens of thousands of damaged nucleobases are formed each day in a typical human cell and most are repaired by the base excision repair (BER) pathway (1) . Spontaneous deamination is one common form of damage that affects pyrimidines and purines (2) (3) (4) . Although humans have four different DNA glycosylases that recognize deaminated pyrimidines, alkyladenine DNA glycosylase (AAG; also known as methylpurine DNA glycosylase) is the main glycosylase for removal of deaminated purines (hypoxanthine, xanthine and oxanine) (5) (6) (7) (8) . AAG binds to and flips out the damaged nucleotide and catalyses the hydrolysis of the N-glycosidic bond to release the damaged base and create an abasic site. This abasic site is the substrate for AP endonuclease I (APE1) that creates a nick with a 2 0 -deoxyribose 5 0 -phosphate group. Subsequently, the 2 0 -deoxyribose 5 0 -phosphate is removed by a lyase, the gap is filled by a DNA polymerase and the nick is sealed by a DNA ligase. Work during the past three decades has identified many different substrates of these enzymes and has provided detailed structural information for most individual enzymes. Nevertheless, the energetics of substrate recognition and the means of coordinating these repair pathways remain open questions for BER enzymes.
Crystal structures of AAG in complex with etheno adducts or a pyrrolidine transition state mimic provide a wealth of information regarding close contacts between the protein and the DNA (9) (10) (11) . These structures guide the development and evaluation of specific hypotheses, but it is not possible to discern the energetic contributions of the binding interactions that are identified. Although AAG has not been crystallized with deoxyinosinecontaining DNA, and seems to bind this form of damage relatively weakly, the large catalytic proficiency of 3 Â 10 17 indicates that this is a preferred substrate (12) . The efficient glycosylase reaction and poor ground state binding of deoxyinosine-DNA by AAG was reconciled by the finding that there is an unfavourable equilibrium for nucleotide flipping (12) . There are no structures available for AAG bound to B-form undamaged DNA, although recent structures give a glimpse into the binding of AAG to frayed ends of a mismatched duplex (13) .
After base excision, AAG binds tightly to the abasic product, and its dissociation is accelerated by APE1 (14) . It is intriguing that APE1 seems to bind to essentially the same site as AAG with greater numbers of close protein-DNA contacts occurring downstream of the lesion (15) . It has been proposed that there is a transient complex that facilitates the handoff between AAG and APE1, and similar models have been invoked for other BER glycosylases, including thymine DNA glycosylase (16) (17) (18) (19) . As it has not been possible to isolate stable complexes of any of these proteins, we have adopted a functional approach to interrogate the properties of this putative complex.
A notable feature of AAG and APE1 is that they contain poorly ordered amino termini that have been refractory to structural studies. This is a common feature of eukaryotic proteins, and such disordered regions are implicated in a wide variety of biological functions (20) (21) (22) . For AAG, the first 79 amino acids were removed to grow crystals. This truncated protein has full catalytic activity and only slightly decreased DNA binding affinity (9, 23) . For APE1, the first 35 amino acids were removed for crystallography, and the crystal structure of the full-length protein does not show detectable density for this amino terminus (15, 24) . Limited proteolysis shows that the amino terminus is accessible (25) , and detectable endonuclease activity remains on deletion of the first 60 amino acids (26) .
We have developed a functional approach to evaluate the available structural data, and to identify potential contributions from the poorly ordered amino termini of AAG and APE1. We characterized the kinetics of these enzymes using a series of short DNA oligomers in which the location of the damaged site was varied systematically in its separation from a tetranucloetide hairpin. The use of a hairpin circumvents complications caused by fraying of duplex ends. This allowed us to define the limits of the minimal binding sites for efficient catalysis by the full-length proteins, which we have defined as the functional footprints.
MATERIALS AND METHODS

Recombinant proteins
Full-length human AAG and APE1 proteins were expressed in Escherichia coli and were purified as previously described (27) . The concentration of AAG was determined by active site titration (14) , and the concentration of APE1 was determined by absorbance at 280 nm (E 280 = 5.6 Â 10 4 M À1 cm À1 ).
DNA substrates
2 0 -Deoxyinosine-containing DNA substrates were synthesized by Integrated DNA Technologies or the Keck Facility at Yale and were purified through denaturing polyacrylamide gel electrophoresis (PAGE) (27) . Sequences are provided in Supplementary Figure S1 . Single-strand DNA concentrations were determined from the absorbance at 260 nm using calculated extinction coefficients. Duplex (hairpin) DNA concentrations were determined from absorbance at 495 nm using the extinction coefficient of fluorescein (7.5 Â 10 5 M À1 cm À1 ). These concentrations were confirmed by active site titrations with AAG (27) ; corrections were <30% in all cases. Duplexes were annealed with 1.5-fold excess complement by heating to 95 C for 5 min and then cooling to 4 C for $15 min. Hairpins were annealed by heating to 95 C for 10 min and then transferring them to an ice bath. Abasic substrates were prepared by incubating each substrate with AAG under single-turnover conditions, followed by phenol-chloroform extraction and desalting (27) . The conversion to abasic sites was verified by alkaline hydrolysis of the abasic sites and analysis by denaturing PAGE. These were stable for months when stored at 4 C and pH 6.5.
General glycosylase assay
Fluorescein-labelled oligonucleotide substrates were incubated with AAG at 37 C in a reaction buffer containing 50 mM of 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid pH 7.0, 1 mM of dithiothreitol, 1 mM of ethylenediaminetetraaceticacid, 0.1 mg/ml of bovine serum albumin, 10% glycerol and sufficient NaCl to reach an ionic strength of 42 mM, unless otherwise specified. Time points were taken by removing a small volume from the reaction and quenching in two volumes of 0.3 M NaOH. Abasic sites were converted to single-strand breaks by heating at 70 C for 15 min. Samples were analysed by denaturing PAGE as described previously (27) . Bands were quantified using ImageQuant TL software (GE Healthcare). Reaction time courses were fit using Kaleidagraph software.
Single-turnover glycosylase assay
Reactions were conducted in the reaction buffer, with enzyme present in excess of substrate. Typical reaction conditions included 50 nM of substrate and 200 nM-1 mM AAG. Time courses were continued until reactions reached completion (>7 half-lives). Reaction progress curves were fit by single exponentials (Equation 1). We confirmed that the saturating single-turnover rate constants (k max ) were measured by varying the concentration of AAG by at least 4-fold. In all cases, the reaction rate was independent of the concentration of AAG.
Multiple-turnover glycosylase assay AAG multiple-turnover activity in the presence and absence of APE1 was measured with substrate concentration in excess of AAG. Typical substrate concentration was 1 mM, and typical AAG concentration was 25 nM. All reactions contained 0.1 mg/ml of bovine serum albumin that was previously shown to stabilize AAG and avoid artifacts of added proteins on AAG stability (27) . When APE1 was present, its concentration was 2 mM. Under these conditions, the initial rates were determined by following reactions to $20% substrate depletion. Reaction progress curves were linear, indicating that product inhibition was negligible. At saturating substrate concentration, either base excision (k max ) or dissociation from the abasic product (k off ) can contribute to the overall rate constant (k cat ). Figure S1 ). Each hairpin substrate was mixed with the reference substrate at a final DNA concentration of 1 mM; typically, each substrate was present at an equal concentration. The standard reaction buffer was supplemented with NaCl added to achieve a final ionic strength of 150 mM. AAG was added to a final concentration of 25 nM, and the glycosylase activity was followed up to 20% depletion of the reference substrate. Initial velocities are proportional to the relative k cat /K m values as described in Equation 4 (28) .
The quantum yield of the fluorescein label was not sensitive to the adjacent sequence (data not shown). The ratio of the concentration of hairpin to reference substrate observed directly by gel quantitation, and this led to small corrections ( 20%) in the concentrations of the competing substrates.
Competition assays to determine relative k cat /K M values for APE1
The general strategy for these experiments was the same as for the AAG competition assays. Abasic DNA was prepared from AAG substrates as described previously. The reaction buffer was supplemented with 3 mM of MgCl 2 to give a final free Mg 2+ concentration of 2 mM, and NaCl was added to reach an ionic strength of 150 mM. Time points were taken by removing 2 ml from a reaction and quenching in 2 ml of 20mM ethylenediaminetetraaceticacid. Remaining abasic sites were reduced by adding 1 ml of 500 mM NaBH 4 in 10 mM NaOH and incubating at room temperature for 30 min. Addition of 1 ml of 85 mM acetic acid was followed by another 30 min incubation, and then 8 ml of formamide loading solution with 5 mM of NaOH was added. Control reactions without borohydride treatment gave identical rates, but in many cases, we observed that abasic DNA was sticking in the wells, and we attributed this to reaction between the abasic aldehyde and the gel. We never observed sticking of DNA that did not contain an abasic site. Typical reactions contained 125 nM each of reference and hairpin substrate and 0.1-2 nM of APE1. In some cases, the hairpin concentration was raised to as much as 500 nM to reach a reaction rate that could be measured in the time that it took APE1 to consume 20% of the reference substrate. Initial rates were measured, and relative specificities were calculated from Equation 4 . The relative specificities of poor substrates could only be measured by competing them against intermediately poor substrates (e.g. HP-3 with HP+3). In these cases, the specificity relative to the reference substrate was determined using Equation 5 .
Energetic contribution of flanking DNA
The contribution of the flanking duplex is given by the difference in free energy between a shortened DNA and an optimal DNA according to Equation 6 , in which k 1 and k 2 are the two rate constants being compared, R is the gas constant and T is 310 K.
RESULTS
Outline of the functional footprinting approach
A series of hairpin substrates were prepared to investigate the contribution of upstream and downstream flanking duplex to AAG and APE1 catalysis. Each contained a single deoxyinosine lesion (IT). The end closest to the lesion was stabilized with a 5 0 -GAAA hairpin to avoid problems with fraying of DNA ends, and the local sequence context was maintained as much as possible ( Figure 1 and Supplementary Figure S1) . By comparing the rate constants for glycosylase and AP endonuclease activity at sites located at different distances from the hairpin end, the relative energetic contribution of each base pair can be determined. It was expected that shortening of the upstream and downstream duplex regions would reveal the minimal DNA site required for recognition and repair by each of these BER enzymes. This approach could also be used to probe for the existence of a transient APE1-AAG complex. APE1 is known to stimulate AAG under conditions of excess APE1. If the effect occurs through a protein-protein interaction, the complex may use an extended binding site either upstream or downstream of the lesion, exhibiting a greater functional footprint than either of the individual proteins.
Glycosylase activity of AAG on hairpin oligonucleotides
The minimal kinetic mechanism for the recognition and excision of hypoxanthine (Hx) from an IT mismatch is depicted in Figure 2D (27) . The maximal single-turnover rate constant at saturating amount of enzyme (k max ) is limited by the rate of base excision, which includes an unfavourable equilibrium for nucleotide flipping and the N-glycosidic bond cleavage step. At low to moderate ionic strength, the rate of reaction with saturating substrate (k cat ) is limited by the dissociation of the abasic product. The rate of dissociation increases with increasing NaCl concentration and is no longer rate-limiting at a high concentration of NaCl (27, 29) .
We first measured the single-turnover rate constants at saturating concentration of AAG for each of the DNA substrates. In all cases, the single-turnover reaction was saturated and followed a single exponential (representative data are shown in Figure 2A) . The values of k max for each of the substrates are plotted versus the lesion position in Figure 3A (Supplementary Table S1 ). Remarkably, lesions located only 2 bp away from the hairpin were relatively good substrates by this measure, and lesions that were directly adjacent to the hairpin were only $100-fold worse than the optimal substrates.
The K M values for the substrates are too low to be measured directly with our fluorescence-based assay. However, k cat /K M values can be determined by direct competition even at concentrations above the K M . The apparent second order rate constant k cat /K M , commonly referred to as the specificity constant, reports on all of the steps up to and including the first irreversible step, and it The minimal reaction mechanism. AAG must bind to substrate DNA (S) and flip out the damaged base before catalysing N-glycosidic bond cleavage. Dissociation from the abasic product (P) is the rate-limiting step at low salt concentration. Grey arrows indicate which steps are monitored by different rate constants. The release of product is considered to be irreversible under the initial rate conditions that were used.
includes substrate binding and N-glycosidic bond hydrolysis. It is important to use a relatively high concentration of salt for these measurements because DNA binding is essentially irreversible at low salt concentration, and there is a high commitment to catalysis (14) . At the ionic strength conditions that we used (150 mM), the relative values of k cat /K M reflect the intrinsic specificity of AAG (Supplementary Figure S6) . Representative data are shown in Figure 2B , and the relative k cat /K M values are plotted in Figure 3B (Supplementary Table S2 ). Shortening of the upstream region has no significant effect on the k cat /K M value until the lesion is located 2 bp away from the hairpin, which is decreased by 10-fold, and the position adjacent to the hairpin has a k cat /K M value that is decreased by >1000-fold relative to the optimal values. Shortening of the downstream DNA caused modest decreases in k cat /K M , so that the position 2 bp away from the hairpin was only decreased by 5-fold. However, the position immediately adjacent to the hairpin was decreased by >1000-fold relative to the optimal values. The 1000-fold (4 kcal/mol) reduction observed for replacement of either flanking duplex region with a GAAA hairpin is a lower limit for the binding energy that is obtained by AAG because AAG may obtain some favourable binding energy from the hairpin structure (see later in the text). These experiments reveal that AAG has a remarkably compact binding site and that it can productively engage lesions located in close proximity to a DNA hairpin.
Endonuclease activity of APE1 on hairpin oligonucleotides
To obtain the energetic contributions of upstream and downstream flanking regions on the APE1-catalysed hydrolysis of abasic site DNA, we used AAG to convert each of the hairpin oligonucleotides into abasic DNA intermediates. The oligonucleotides were purified and then incubated with APE1 to monitor the AP endonuclease reaction. We did not pursue single-turnover experiments because the APE1-catalysed reaction is too fast to be measured even by rapid quench (30) . Nevertheless, we could readily measure the relative k cat / K M values for this series of substrates through multipleturnover kinetics by direct competition as described for AAG (Supplementary Figure S4) . These experiments were carried out with 150 mM of NaCl because we found that the relative k cat /K M values were independent of ionic strength of >100 mM (Supplementary Figure S7) . At 50 mM ionic strength, DNA binding to APE1 seems to be irreversible because there is no discrimination between substrates (14) . The resulting data reveal that APE1 has a substantially larger footprint than AAG (Figure 4 and Supplementary Table S2) .
As the abasic site is moved closer to the upstream hairpin, a detectable drop in activity is first observed at the position 4 bp away from the hairpin (+4). For each additional base pair that the abasic site is shifted towards the hairpin, an additional 10-100-fold drop in activity was observed. No activity was detected when the abasic site was positioned immediately adjacent to the hairpin (+1), placing a lower limit of 10 6 -fold contribution (8.5 kcal/mol) of the upstream DNA binding site to APE1 binding and catalysis. Less dramatic effects were observed for shortening the DNA downstream of the abasic site, but nevertheless, a significant (3-fold) reduction in k cat /K M was observed between positions À6 and À5. The value of k cat /K M continued to drop for each base pair that was removed from the downstream DNA, and the abasic site that was immediately adjacent to the downstream hairpin (À1) is $1000-fold less efficient of a substrate than an optimal internal abasic site. Thus, the downstream DNA binding interactions contribute at least 4 kcal/mol to binding and catalysis by APE1.
Stimulation of AAG dissociation by APE1
We previously found that APE1 efficiently displaces AAG and stimulates its multiple-turnover glycosylase activity on substrates with upstream and downstream duplex regions that were as short as 6 bp by increasing the rate of AAG dissociation (14) . This observation ruled out the possibility of a functional APE1-AAG complex that uses the full DNA binding surfaces of both proteins, but cannot rule out the possibility that the DNA binding sites are only partially used or partially overlapping. In the current work, we tested the stimulation of AAG by APE1 for substrates that have much shorter upstream and downstream duplex regions. Under the conditions used, the steady-state rate of AAG is limited by the rate of dissociation from the abasic DNA product. Representative data for the stimulation by APE1 are provided in Figure 2C . The dissociation rate constants in the presence and absence of APE1 are summarized in Figure 5 and Supplementary Table S1 . The substrates with lesions immediately adjacent to the hairpins were omitted from this plot because the AAG reaction was no longer limited by product release. In many cases, the presence of APE1 accelerated the rate of product release to the point where AAG was limited by the rate of N-glycosidic bond cleavage (i.e. k cat = k max ). In these cases, the observed rate constant is a lower limit for the rate of AAG dissociation (indicated by arrows in Figure 5 ).
The notable decrease in the APE1-stimulation at the +2 and À2 positions is best explained by decreased affinity of APE1 for binding to these terminal sites (Figure 4) . If one considers the substrates that are located within 3 bp from the hairpin that provide optimal binding of AAG ( Figure 3B ), these all show robust stimulation by APE1. The simplest model to explain the similar footprint for APE1 catalytic activity and for the APE1-stimulation of AAG is that APE1 directly competes with AAG for binding to the abasic site. A transient excursion of AAG can allow access of APE1 to the abasic site, without the requirement for a protein-protein interaction that would decrease the affinity of AAG for DNA.
DISCUSSION
We performed kinetic analyses for a series of homologous substrates in which the lesion position is altered relative to a hairpin to determine the energetic contributions of specific base pairs to productive binding by AAG and APE1. This defines the minimal site required for catalytic recognition. These results are generally consistent with the known crystal structures, but reveal surprising features for DNA binding by AAG and APE1. We also investigated the stimulation of AAG by APE1 and provide evidence that APE1 does not form a complex with AAG on DNA. Instead, it seems that AAG transiently exposes the abasic repair intermediate to allow binding of APE1.
Functional footprint of AAG
Crystal structures of AAG are of truncated protein that lacks the amino terminus (residues 1-79). The amino terminus of AAG is poorly conserved even among mammals (Supplementary Figure S2) , and humans have several splice variants that differ in this region. This truncated enzyme retains full glycosylase activity in single-turnover assays (23) , but it exhibits an increased rate of dissociation from the abasic DNA product that results in a decreased ability to diffuse along DNA in search for sites of damage (29) . The crystal structure of truncated AAG bound to 1,N 6 -ethenoadenosinecontaining DNA shows that the DNA interactions are localized to 8 bp around the damaged nucleotide (10) . We compare these crystallographic contacts with the functional footprint for full-length AAG that is defined by the base pairs that contribute to catalytic recognition by AAG ( Figure 6B ). As it is not possible to predict to what extent the 5 0 -GAAA hairpin will mimic B-form DNA, we show the two extremes in which AAG either does not interact with the hairpin (dark shade) or does interact with the hairpin (light shade). The strict conservation of R141 that is upstream and R197 that is downstream of the lesion site among AAG homologues suggests that these electrostatic interactions are favourable. As the more conservative footprint (shaded box; Figure 6B ) would not involve a contact between the DNA and these conserved arginine residues, it is likely that AAG is able to interact favourably with the phosphate backbone of the hairpin (open box).
Previously, DNase I protection was used to probe the DNA binding footprint of AAG on eA-and inosinecontaining DNA (31, 32) . The resulting footprint is much larger, with up to 11 bp upstream and 5 bp downstream showing some protection from DNase I. This larger protection is observed because the steric bulk of DNase I and AAG preclude the active site of DNase I from closer approach (31, 32) .
The excellent agreement that is observed between the crystal contacts in the structure of the truncated protein and in the functional interactions with the full-length protein suggests that the amino terminus of AAG does not make direct interactions with the DNA either upstream or downstream of the crystallographic contacts of the catalytic domain. Therefore, the increased affinity of the full-length protein could be because of either direct interactions with the DNA within the identified binding site of 8 bp or conformational changes in the catalytic domain that serve to strengthen the interaction with the DNA.
Functional footprint of APE1
The first crystal structures of APE1 in complex with DNA used a truncated protein that lacked the amino terminus [residues 1-35; (15)]. A crystal structure of the full-length APE1 has also been reported, but no density could be observed for this amino terminal region (24) . Nevertheless, the amino terminus is extremely well conserved among mammals (Supplementary Figure S3) , and the location of the amino terminus in the crystal structure is in close proximity to the DNA ( Figure 6C ). The DNA contacts of APE1 that are observed in the crystal structure are localized to the 9 bp region surrounding the damaged site ( Figure 6D ). As described for AAG, we considered the possibility that APE1 may or may not be able to interact with the 5 0 -GAAA hairpin. The downstream flanking duplex is important for catalytic recognition of APE1, with significant catalytic contributions derived from binding to the DNA 3-5 bp downstream ( Figure  6D ). Closer examination of the protein surface in this region reveals several highly conserved positively charged amino acids that could contribute to binding (K224 is 5.3 Å , K227 is 6.9 Å and K228 is 5.9 Å away from phosphate oxygen atoms). It is possible that the catalytic contribution in this region is electrostatic, without Crystal structure of truncated APE1 (residues 40-318) bound to abasic DNA is from the pdb (1DEW) and is displayed using Pymol (15) . (D) Crystallographic contacts for APE1 are from the structure of APE1 bound to an abasic-DNA substrate in the absence of divalent metal ions, and the box is drawn as for AAG (15) . The top of the figure is defined as downstream relative to the lesion, and the amino termini is indicated with an asterisk. direct contact. Alternatively, the DNA-protein interaction surface may be much more extensive than was observed in the crystal structure. It is worth noting that the DNA makes a crystal contact on this end that provides a possible explanation for why protein-DNA contacts were not observed in this region. Regardless of the origin of this discrepancy between crystal structures and the functional footprint that we have determined, the functional data provide a more complete definition of the APE1 DNA binding site.
The minimal site size of APE1 was previously probed by hydroxyl radical footprinting (33) . This study found a similar upstream footprint of 5 bp, but only 3 bp downstream of the abasic site. As hydroxyl radical footprinting requires that the protein-DNA complex show either increased or decreased reactivity, it is expected that this approach often underestimates the full extent of protein-DNA interactions. APE1 interaction with single-strand and duplex DNA was previously characterized by comparing the inhibition of different length oligonucleotides (34, 35) . Experiments with blunt-ended oligonucleotides concluded that APE1 can bind favourably to 10 bp of duplex DNA (35) , which is similar to our results with hairpin DNA. More recently, a protein modification strategy was used to probe the accessible surface area of APE1 when it is bound to DNA (36) . Although this approach has the same caveats as DNA modification approaches, it is interesting that these experiments showed protection of K224, K227 and K228 when abasic DNA was bound. These are the residues that are closest to the DNA downstream of the abasic site in the crystal structure. Thus, the kinetic data and the protein accessibility experiments are consistent with the existence of a greater interaction surface than observed in the existing crystal structures.
Mechanism of stimulation of AAG by APE1
The functional footprinting approach of correlating rate constants to shortened DNA substrates can be applied to any kinetic assay; therefore, it is not limited to questions of specificity for a single enzyme. We were interested in the question of how APE1 is able to stimulate the dissociation of AAG. Previously, it was shown that the multipleturnover glycosylase activity of AAG is limited by the rate of dissociation from the abasic product, and this rate is greatly accelerated in the presence of APE1 (14, 27) . Displacement of AAG by APE1 does not require APE1 endonuclease activity because robust stimulation is observed in the absence of Mg 2+ , an essential cofactor for APE1 catalysis. If AAG and APE1 were to form a transient complex, then it is expected that the protein-DNA interface of the two proteins would be greater than the interface of either protein alone.
No evidence for such an interaction was observed ( Figure 5 ). Instead, we observe efficient stimulation of AAG even when the site of damage is immediately adjacent to the hairpin that is placed either upstream or downstream. This indicates that APE1 does not have a preferred orientation for displacing AAG. We suggest that AAG must transiently leave the abasic site and that this makes it accessible to APE1. Once APE1 binds, then the abasic site is no longer available to AAG, and it dissociates more quickly from an undamaged DNA site. In the absence of APE1, it is most likely that AAG will return to the site and remain bound to the abasic product. This dynamic exchange model ( Figure 5B ) is particularly attractive for explaining how the activities of many different DNA glycosylases are coordinated by APE1 because the glycosylases belong to four different structural families and no common interaction motif has been detected.
General considerations for determining the functional footprint of DNA-binding enzymes
Use of hairpin oligonucleotides is essential to overcoming the deleterious effects of end-fraying. However, the resolution is limited by the interaction between the protein and the hairpin, which could be different from the interaction with normal duplex DNA. For the current study, we used 5 0 -GAAA tetranucleotide hairpins because these are known to form exceptionally stable structures (37) (38) (39) . In many cases, it could be advantageous to use nonnucleotide connectors to stabilize the end without introducing additional charge. For example, polyethylene glycol connects are available for commercial DNA synthesis, and these have been shown to effectively stabilize oligonucleotide ends (40, 41) . We did not use such hairpin structures in the current study because APE1 has robust endonuclease activity towards this type of linkage (14) . Comparison of the crystallographic footprint and functional footprint for AAG suggests that this enzyme is able to make favourable interactions with the phosphates of the GAAA nucleotides in the hairpin. The APE1 functional footprint is significantly larger than the crystallographic footprint; therefore, it is not possible to evaluate whether APE1 interacts directly with the hairpin. However, it is expected that electrostatic interactions would make favourable energetic contributions even if the geometry of the hairpin were suboptimal relative to B-form duplex. We performed a full kinetic characterization for AAG with these hairpin substrates, but this is not necessary to obtain the functional footprint. By using direct competition, the relative k cat /K M values can be rapidly determined. As k cat /K M monitors the reaction from free substrate in solution to the transition state for bond cleavage in the enzyme-substrate complex, it provides information about all of the enzyme-substrate interactions. When measuring k cat /K M , it is critical to ensure that binding is not irreversible, otherwise k cat /K M may simply reflect the rate of substrate association. Our approach of using high NaCl to increase the dissociation rate constant may be generally applicable to other DNA modifying enzymes because enzymes that interact with DNA commonly use electrostatic interactions with the backbone phosphoryl groups.
The functional footprinting approach has advantages over traditional footprinting or structural approaches. It is quantitative, so that energetic contributions of protein-DNA contacts can be determined (Supplementary Table S2 ). There are no restrictions on the protein or proteins that are used. Thus, full-length proteins can be studied, and steady-state kinetics requires small amounts of material. This approach can also be extended to interrogate putative protein-protein complexes on DNA. For many DNA repair pathways, it is postulated that proteinprotein interactions facilitate the transition of reaction intermediates from one enzyme to the next. Transient interactions that could not be studied directly by structural methods would be revealed by the requirement for a larger segment of DNA than is required by either protein alone.
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